The developing cerebral cortex undergoes overlapping periods of neurogenesis, suicide, and differentiation to generate the mature cortical plate. The following experiments examined the role of the gonadal hormone estrogen in comparison to the neurotrophins, in the regulation of p53-dependent cortical cell fate. To synchronize choices between neurogenesis, apoptosis, and neural differentiation, embryonic rat cerebral cortical neuroblasts were conditionally immortalized with the SV40 large T antigen containing the tsA58/U19 temperature-sensitive mutations. At the nonpermissive temperature, cessation of large T antigen expression was accompanied by induction of p53, as well as the p53-dependent proteins, wild-type p53-activated fragment-1/Cdk (cyclin-dependent kinase)-interacting protein-1 (p21/Waf1), Bcl (B-cell lymphoma)-associated protein (Bax), and murine double minute 2 (MDM2), that lead to cell cyclearrest, suicide, and p53 inhibition, respectively. Simultaneously, neuroblasts exit cell cycle and die apoptotically or differentiate primarily into astrocytes and immature postmitotic neuroblasts. At the nonpermissive temperature, estrogen specifically induced an antagonist-independent increase in phosphorylated p53 expression, while increasing p21/Waf1 and decreasing Bax. Coincidentally, estrogen rapidly increased and then decreased MDM2 relative to controls, suggesting temporal modulation of p53 function. Both estrogen and neurotrophins prevented DNA fragmentation, a marker for apoptosis. However, estrogen also induced a transient increase in released lactate dehydrogenase, suggesting that estrogen simultaneously induced rapid cell death in a subpopulation of cells. In contrast to the neurotrophins, estrogen also increased cell proliferation. Both estrogen and the neurotrophins supported neuronal differentiation. However, in contrast to the neurotrophins, estrogen only supported the expression of a subset of oligodendrocytic markers. These results suggest that estrogen and the neurotrophins support overlapping and distinct aspects of differentiation in the developing cerebral cortex.
The developing cerebral cortex undergoes overlapping periods of neurogenesis, suicide, and differentiation to generate the mature cortical plate. The following experiments examined the role of the gonadal hormone estrogen in comparison to the neurotrophins, in the regulation of p53-dependent cortical cell fate. To synchronize choices between neurogenesis, apoptosis, and neural differentiation, embryonic rat cerebral cortical neuroblasts were conditionally immortalized with the SV40 large T antigen containing the tsA58/U19 temperature-sensitive mutations. At the nonpermissive temperature, cessation of large T antigen expression was accompanied by induction of p53, as well as the p53-dependent proteins, wild-type p53-activated fragment-1/Cdk (cyclin-dependent kinase)-interacting protein-1 (p21/Waf1), Bcl (B-cell lymphoma)-associated protein (Bax), and murine double minute 2 (MDM2), that lead to cell cyclearrest, suicide, and p53 inhibition, respectively. Simultaneously, neuroblasts exit cell cycle and die apoptotically or differentiate primarily into astrocytes and immature postmitotic neuroblasts. At the nonpermissive temperature, estrogen specifically induced an antagonist-independent increase in phosphorylated p53 expression, while increasing p21/Waf1 and decreasing Bax. Coincidentally, estrogen rapidly increased and then decreased MDM2 relative to controls, suggesting temporal modulation of p53 function. Both estrogen and neurotrophins prevented DNA fragmentation, a marker for apoptosis. However, estrogen also induced a transient increase in released lactate dehydrogenase, suggesting that estrogen simultaneously induced rapid cell death in a subpopulation of cells. In contrast to the neurotrophins, estrogen also increased cell proliferation. Both estrogen and the neurotrophins supported neuronal differentiation. However, in contrast to the neurotrophins, estrogen only supported the expression of a subset of oligodendrocytic markers. These results suggest that estrogen and the neurotrophins support overlapping and distinct aspects of differentiation in the developing cerebral cortex.
Key words: estradiol-17␤; tamoxifen; nerve growth factor; brain derived neurotrophic factor; large T antigen; apoptosis; necrosis; cell cycle, bromodeoxyuridine; nestin; neurofilament; glial fibrillary acidic protein; galactocerebroside; 2Ј, neurons; astrocytes; oligodendrocytes; stem cells; p53; MDM2; p21/Waf1; Bax The rat cerebral cortical neuroepithelium proliferates prenatally (Bayer and Altman, 1995) to generate mature neurons. In overlapping processes, excess neurons and neuroepithelial precursors undergo suicide (Finlay and Slattery, 1983; Ferrer et al., 1990 Ferrer et al., , 1992 Spreafico et al., 1995; Blaschke et al., 1996 Blaschke et al., , 1998 Rabinowicz et al., 1996; Thomaidou et al., 1997; Blaschke et al., 1998; Cheema et al., 1999) . Signals that regulate choices between differentiation, suicide, and proliferation profoundly influence cortical organization.
Estrogen is one important regulator of neuronal differentiation. The two identified estrogen receptors (ER␣ and ER␤) are transcription factor members of the steroid hormone/retinoic acid receptor superfamily Mangelsdorf et al., 1995; Kuiper et al., 1996; Mosselman et al., 1996) . Nuclear estrogen binding sites and ER␣ mRNA are transiently expressed at high levels in the developing rodent cerebral cortex (Stumpf, 1969; Friedman et al., 1983; Gerlach et al., 1983; Shughrue et al., 1990; Miranda and Toran-Allerand, 1992; Toran-Allerand et al., 1992b; Miranda et al., 1993) . ER␤ is also expressed in cerebral cortex (Brandenberger et al., 1997; Shughrue et al., 1997a,b) . Estrogen promotes neuritogenesis, myelination, synaptogenesis, and neurotransmitter expression in the developing brain (for review, see Miranda and Toran-Allerand, 1992; Miranda et al., 1994) , while exhibiting divergent, region-specific regulation of suicide and proliferation. Thus, estrogen stimulates neuron addition to avian song control nuclei (Nordeen and Nordeen, 1989) , while blocking proliferation of neuroblastomas (Ma et al., 1993) and transformed hypothalamic cells (Rasmussen et al., 1990) . Similarly, estrogen has opposing region-specific effects on neuronal suicide in the differentiating hypothalamus (Rasmussen et al., 1990; Arai et al., 1996) . Estrogen regulation of suicide and proliferation may therefore be context-and region-specific.
There are substantial reciprocal interactions between estrogen and the neurotrophin family of growth factors (Singh et al., 1994 (Singh et al., , 1995 Sohrabji et al., 1995; McMillan et al., 1996; Miranda et al., 1996) . Neurotrophins [nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin 3 (NT-3), and neurotrophin 4 (NT-4)] regulate survival and differentiation in multiple neural systems via two receptor classes (Chao, 1992; Davies and Wright, 1995; Chao and Hempstead, 1995) . The first, the neurotrophin-selective tyrosine kinases (trks), mediate neuroprotective mechanisms. A second receptor-subtype, p75 N TR (panneurotrophin receptor), binds all neurotrophins, modulates their interaction with trks (Hempstead et al., 1991) , but can also induce suicide (Rabizadeh et al., 1993 (Rabizadeh et al., , 1994 Barrett and Bartlett, 1994; Majdan et al., 1997; Bamji et al., 1998) . Estrogen downregulates p75 N TR mRNA while upregulating trkA mRNA (Sohrabji et al., 1994a,b) , suggesting that estrogen may attenuate suicide and promote survival.
Because neural proliferation, suicide, and differentiation occur asynchronously, we conditionally immortalized cerebral cortical precursors using a temperature sensitive mutation of the SV40 large T antigen to synchronize neural development. Previous reports indicate that inhibition of large T antigen expression induces cell cycle arrest, differentiation, and cell suicide (Almazan and McKay, 1992; Yanai and Obinata, 1994; Taher et al., 1995; Eves et al., 1996) . Initial experiments characterized the conditional regulation of neural cell fate using this model system. The second set of experiments examined the effects of estrogen in comparison to the neurotrophins on p53-regulated survival and differentiation in the developing cerebral cortex, after cessation of large T antigen expression.
MATERIALS AND METHODS

Creation of a conditionally immortalized cell line from embryonic rat cerebral cortex
Timed-pregnant rats (Sprague Dawley) were obtained from Harlan (Houston, TX). Embryonic day zero (E0) was defined as the day on which dams were sperm-positive. C ingulate and isocortical tissue were dissected out from four E15 rat brains, under sterile conditions, separated from meningeal tissue, and stored in ice-cold Dulbecco's PBS (D-PBS; without C a 2ϩ or Mg 2ϩ ) and 0.1% (w/ v) glucose. Tissues were dissociated by trituration in 0.5% trypsin and 6.8 mM EDTA and plated on mouse laminin-coated (0.1 mg /ml; Life Technologies, Gaithersburg, MD) microtiter plates. Cultured cells were immortalized (Almazan and McKay, 1992) by infection with a mouse adenovirus containing the SV40 large T antigen (carrying both the tsA58 and U19 mutations) and antibiotic (G418) resistance cassette (adenoviral vector in 2 packaging cell line was a gift of G. Almazan, McGill University, Montreal, Quebec, C anada) . Cultures were infected with replication-incompetent adenovirus in 2 (the packaging cell line)-conditioned medium containing DM EM, 10% fetal calf serum (FC S), 100 U/ml penicillin -streptomycin, and 2 g /ml hexadimethrine bromide (Sigma, St. L ouis, MO). Infected cells were selected for antibiotic (G418) resistance, and cultures of clonally restricted cells were isolated. We selected one culture (CHB50) originating from multiple clonal colonies to specifically enhance the representation of divergent phenotypic fates. CHB50 cells were propagated in serum-containing culture medium (89% DM EM with 10% FC S, 100 U/ml penicillin -streptomycin, and 50 g /ml of G418) at 33°C (permissive temperature for large T antigen expression). Cultures were plated at an initial density of ϳ10 3 cells/cm 2 and at 80 -85% confluence, were switched to 39°C (nonpermissive temperature for large T antigen expression) in defined, serum-free medium (49% DM EM, 49% F-12 nutrient medium (HAM), 1% N2 supplement, and 100 U/ml penicillinstreptomycin) for all experiments, to synchronize activation of p53 and p53-dependent processes.
Characterization of tsSV-40 large T antigen-immortalized CHB50 cells Immunohistochemical analysis of the temperature dependence of large T antigen e xpression
To determine if large T antigen expression was temperature-dependent, immunohistochemical analysis was performed on CHB50 cells cultured at 33°C (the permissive temperature) and at 39°C. C ells were fixed for 30 min in 4% phosphate-buffered paraformaldehyde and 2.5% dimethylsulfoxide (DMSO). After fixation, the cells were washed three times in cold Tris-buffered saline (TBS; pH 7.4), blocked with a solution containing 5% normal horse serum, TBS, 1% BSA, and 0.3% Triton X-100, and then incubated overnight at 4°C with a monoclonal, anti-large T antigen antibody (1:200, Oncogene) in blocking solution. Binding of the primary antibody was detected using a biotinylated secondary antibody (horse anti-mouse, rat adsorbed at 1:100; Vector Laboratories, Burlingame, CA), conjugated to an avidin -biotin -horseradish peroxidase complex (ABC elite kit; Vector Laboratories) and a chromogenic substrate (Ni ϩ -diaminobenzidine; Vector Laboratories).
Live-dead assay
To determine the viability of CHB50 cells when incubated at the nonpermissive temperature for large T antigen expression, cells were incubated at 33°C for 5 d or at 39°C for either 3 or 6 d using the control culture conditions described above. At the end of the culture period, live cultures were washed twice in D-PBS (Life Technologies) and incubated at room temperature with ethidium homodimer (4 M) and calcein-AM (2 M) in D-PBS according to the kit manufacturer's instructions (Molecular Probes, Eugene, OR). At the end of the incubation period, cells were rinsed three times in D-PBS and sealed in D-PBS with a glass coverslip. The living cultures were immediately photographed using epifluorescence microscopy.
Detection of apoptotic nuclei
CHB50 cells maintained at 33°C or at 39°C for 24 hr, were fixed with 4% paraformaldehyde and 2.5% DMSO at room temperature. DNA fragmentation characteristic of apoptosis was detected by TUN EL assay using a kit (Oncor) modified for alkaline phosphatase histochemistry. Cultures were exposed to equilibration buffer. Fragmented nuclear DNA was 3Ј-end labeled with digoxigenin-dUTP using terminal deoxynucleotidyl transferase. Incorporated digoxigenin-dUTP were detected using an alkaline phosphatase-conjugated anti-digoxigenin antibody (Fab fragment, Boehringer Mannheim, Indianapolis, I N) and chromogenic reaction using 4-nitroblue tetrazolium chloride and 5-bromo-4-chloro-3-indolyl-phosphate as substrates.
Western immunoblot analysis
The large T antigen maintains cells in cell cycle by inactivating cellular check-point proteins such as p53 and inhibiting the expression of p53-dependent proteins such as wild-type p53-activated fragment-1/C dk (cyclin-dependent kinase)-interacting protein-1 (p21/ Waf1/C ip1), Bcl [B-cell lymphoma]-associated protein (Bax), and murine double minute 2 (MDM2) (Levine, 1997) . These proteins induce cell cycle arrest, suicide, and p53 inhibition, respectively. We therefore examined the conditional expression of these proteins by Western immunoblot analysis, according to our previously published protocols (Donovan et al., 1995; Miranda et al., 1996; Cheema et al., 1999) . Phosphorylation of the casein kinase II-sensitive site at serine 392 was used as a marker for activated p53. Phosphorylation of this site promotes tetramerization of p53 (Sakaguchi et al., 1997) and specificity of p53 binding to DNA (Hoffmann et al., 1998) , while regulating reannealing of double stranded DNA (Filhol et al., 1996) . The expression of ER ␣, TrkB, and TrkC was also analyzed. Cultures of CHB50 cells were propagated at 33°C to 80% confluence and analyzed in this condition, or alternatively after transfer to 39°C for 1, 3, or 5 d. Detergent (1% SDS)-soluble protein was isolated using the Trizol reagent (Life Technologies) following the manufacturer's instructions. Protein (25 g / lane) was size-fractionated on an 8 or 15% polyacrylamide -SDS gel and electrophoretically transferred to supported nitrocellulose (Hibond-C -super; Amersham, Arlington Heights, IL). Blots were blocked [5% milk, TBS (1.4 M NaC l, 0.2 M Tris, pH 7.4), and 0.1% T ween 20], exposed to primary antibodies [rabbit polyclonal, anti-phosphoserine392-p53 (pp 53; 1:500; New England Biolabs, Beverly, M A), mouse monoclonal, anti-P21/ Waf1/C ip1 (1:333; C albiochem, La Jolla, CA); rabbit polyclonal anti-Bax (1:500; Santa Cruz Biotechnology, Santa Cruz, CA); mouse monoclonal anti-MDM2 (1:500; Santa Cruz Biotechnology), mouse monoclonal anti-proliferating cell nuclear antigen (PC NA; 1:66; C albiochem), mouse monoclonal anti-ER␣ antibody (1:500; Affinity Bioreagents), mouse monoclonal anti-TrkB antibody (1:500; Transduction Laboratories, Lexington, K Y), or rabbit polyclonal anti-TrkC (1:500; Santa Cruz Biotechnology)], washed, and exposed to secondary antibody [biotinylated horse anti-mouse (Vector Laboratories) at 1:5000 or biotinylated donkey anti-rabbit (Jackson ImmunoResearch, West Grove, PA) at 1:2000], washed again, and exposed to streptavidin horseradish -peroxidase conjugate (Amersham). Immunore-active bands were detected using enzyme-linked chemiluminescence (N EN).
Role of estrogen and the neurotrophins in CHB50 cells maintained at the nonpermissive temperature for large T antigen expression Regulation of cell density during differentiation (39°C)
For the initial experiment on the regulation of cell number, CHB50 cells were differentiated at 39°C for 5 d in the presence of either control medium or estradiol-17␤ (at 10, 2, or 0.4 nM; water-soluble estrogen was obtained from Sigma), or for comparison, one of the neurotrophins (human recombinant NGF, BDN F, N T-3, or N T-4; Peprotech, Rocky Hill, NJ) at 50 ng /ml. After 5 d in vitro, cultures were fixed with 4% paraformaldehyde and 2.5% DMSO for 30 min at room temperature and stained with hematoxylin and eosin.
In subsequent experiments, estradiol-17␤ was administered to cultures at 2 nM. Because the neurotrophins BDN F, N T-3, and N T-4 had similar effects on cell density, they were combined together as a cocktail (each at 50 ng /ml). NGF was omitted from the neurotrophin cocktail because this first experiment indicated that it had no effect on cell density. In some experiments, the estrogen receptor antagonist 4-hydroxytamoxifen (at 1 M) was administered along with estradiol-17␤.
Regulation of cell death at 39°C
Detection of apoptotic profiles. CHB50 cells were maintained at 39°C in the presence of control medium, estradiol-17␤ (2 nM) or neurotrophin cocktail (BDN F, N T-3, and N T-4, each at 50 ng /ml) for 48 hr. C ells were then fixed, and apoptotic nuclei were detected by TUN EL assay, as described above.
Lactate dehydrogenase assay. CHB50 cells were maintained at 39°C and given either neurotrophin cocktail (BDN F, N T-3, and N T-4, each at 50 ng /ml), or estradiol-17␤ (2nM) supplements in culture medium for 5 consecutive days. Lactate dehydrogenase (LDH) activity released into the culture medium was assayed using a cytotoxicity detection kit (Boehringer Mannheim). LDH release into culture medium is a measure of cell membrane lysis caused by necrotic cell death, which correlates well with other measures of cell membrane damage (Noraberg et al., 1998) . Briefly, culture-conditioned media was obtained every 24 hr and rendered cellfree by centrif ugation. We added 100 l of conditioned medium from each sample to a 96-well microtiter plate. LDH activity was measured by a redox reaction that couples the oxidation of lactate to pyruvate with the reduction of the chromogenic substrate iodotetrazolium chloride to a colored formazan salt, using NADH as the electron transfer agent and NADH diaphorase as the catalyst. Absorbance of samples was measured at 490 nm against a reference wavelength of 630 nm using a microtiter plate reader (EL x808; Biotek Instruments). LDH levels were quantified against a panel of LDH standards ranging in concentration from 0.001 nM to 1 M.
Bromodeoxyuridine incorporation
CHB50 cells were cultured on 96-well microtiter plates and differentiated for 5 consecutive days in the presence of a daily dose of 100 M 5-Bromo-2Ј-deoxyuridine (BrdU, a marker of DNA replication) alone, or BrdU with a neurotrophin cocktail (BDN F, N T-3, and N T-4) or estradiol 17␤. Changes in cell proliferation were quantified using a colorimetric ELISA assay for incorporated BrdU, using a kit (Boehringer Mannheim). Briefly, culture medium was aspirated, and the cells were fixed for 30 min with 200 l / well of the kit-supplied fixation /denaturation solution. C ells were incubated for 120 min with anti-BrdU antibody conjugated to peroxidase, 100 l / well. C ells were washed and then exposed to chromogenic substrate solution (tetramethylbenzidine) for 30 min. The absorbance was measured at 340 nm against a reference wavelength of 490 nm using a microtiter plate reader (EL x808; Biotek Instruments).
Estrogen and neurotrophin regulation of P21/Waf1, Bax, and MDM2
CHB50 cultures were maintained at 39°C for 1-5 d and exposed to estradiol 17␤, neurotrophin cocktail, or control medium. At the end of the treatment period (1, 3, or 5 d), detergent-soluble protein was isolated from cultures and processed for Western immunoblot analysis as described earlier.
Immunofluorescence for neural differentiation markers
Immunohistochemistry was carried out on CHB50 cells cultured at 33°C or after differentiation at 39°C for 5 d. C ells cultured at 39°C were maintained in the presence of estradiol 17␤, neurotrophin cocktail, or control medium. In addition, some 39°C cultures were also treated with retinoic acid at 10 Ϫ9 M for 5 d, to compare the expression of neuronal phenotypes with that of estrogen and neurotrophin-treated cultures. Retinoic acid is a ligand for another member of the steroid hormone receptor family . It is known to interact with the neurotrophins (Kaplan et al., 1993) and promotes neuronal differentiation and neurofilament expression in murine embryonic stem cells (Chen et al., 1997; Erhardt et al., 1997) . C ells were fixed with 4% paraformaldehyde and 2.5% DMSO for 30 min. After fixation, cells were washed with TBS and blocked for 30 min in a TBS buffer containing 2% donkey serum, 0.3% Triton X-100, and 0.1% BSA. C ells were incubated with antibodies for neuroepithelial stem cells [mouse monoclonal anti-nestin (Chemicon)], neuronal markers [cocktail of rabbit polyclonal anti-150 and 200 kDa neurofilament protein (Genosys)], astrocytic markers [rabbit polyclonal anti-glial fibrillary acidic protein (GFAP; Sigma)], or for oligodendrocytic markers [mouse monoclonal anti-2Ј,3Ј-cyclic nucleotide-3Ј-phosphodiestrase (C N Pase; Sigma) or rabbit antigalactocerebroside (Sigma)], overnight at 4°C. Antibodies were used at a dilution of 1:500. Binding of the primary antibody was detected using a biotinylated secondary antibody [donkey-anti rabbit at 1:500; The Jackson Laboratory, Bar Harbor, M E or horse anti-mouse (rat-adsorbed) at 1:100, Vector Laboratories] conjugated to avidin -rhodamine. C ells were then counterstained with bis-benzamide (Hoechst dye #33258) to visualize nuclear DNA.
Data analysis
To examine the effects of treatment on cell number, hematoxylin-eosin stained cells were counted at a 100ϫ magnification. Eight fields (two per quadrant) were counted in each well, and the number of cells was averaged to generate one sample. To examine the effect of treatment on apoptosis, the number of TUN EL -positive cells and the total number of cells per field were counted at 100ϫ magnification. Six fields were counted within each culture well and averaged to produce one sample. The number of TUN EL -positive cells was expressed as a proportion of the total number of cells within the field. Western immunoblots were analyzed using a standard densitometric package (Molecular Analyst; Bio-Rad, Hercules, CA), and molecular weights were determined using Sigmagel (SPSS). Changes in cell number, apoptosis, released LDH activity, protein expression, and BrdU incorporation were analyzed using a standard statistical package (SPSS) to perform ANOVAs followed by post hoc Fisher's least significance difference tests with a significance level set at p Ͻ 0.05. A sample of 6 -11 cultures was used for each experimental group. Quantitative data were expressed in terms of mean Ϯ SEM.
RESULTS
Characterization of CHB50 cells Immunohistochemistry for the large T antigen
Immunohistochemical analysis indicated that the tsU19-SV40 large T antigen is expressed in the nuclei of cells cultured at 33°C (Fig. 1 A) . In contrast, cells cultured at 39°C for 5 d did not express large T antigen immunoreactivity (Fig. 1 B) .
Conditional regulation of cell survival and cell death
The live-dead assay indicated that there was virtually no cell death at 33°C (permissive temperature for large T antigen expression, Fig. 1C) . However, at 39°C (the nonpermissive temperature for large T antigen expression), there was an induction of cell death (Fig. 1 D) . Analysis of DNA fragmentation by TUNEL assay indicated that the cell death occurred, in part, by apoptosis (Fig. 1, compare E, F ) . However, analysis of LDH released into culture medium, a measure of necrosis, indicated that necrotic cell death also occurred at 39°C (Fig. 4 B) . Furthermore, there were distinct changes in the morphology of cells cultured at 39°C as compared with those at 33°C. At 33°C, CHB50 cells expressed an epitheliod morphology, whereas at 39°C, there was a marked increase in the formation of processes and stellate-type morphologies (Fig. 1, compare C, D) .
Conditional regulation of p53 and P53-dependent genes
Western immunoblot analysis (Fig. 2 A, B) indicated that CHB50 cells cultured at 33°C expressed low to undetectable levels of phosphorylated p53 ( pp53, phosphoserine392-p53), p21/Waf1 (cell cycle arrest protein), and Bax (the pro-apoptosis protein). In contrast, detectable levels of the cell cycle-associated protein PCNA were observed. In blots probed for MDM2 (the P53 inhibitor), three distinct bands were observed, with mean molecular weights of 85, 68, and 57 kDa, respectively, corresponding in size to previously described alternate species [85] [86] [87] [88] [89] [90] 74 , and 57-58 kDa, (Olson et al., 1993) ] generated by alternative splicing or caspase cleavage (Erhardt et al., 1997) . Although low levels of the 68 kDa protein were observed at 33°C, the full length 85 kDa protein (that complexes with p53), and the 57 kDa species [a caspase-cleaved product (Chen et al., 1997; Erhardt et al., 1997) ], were undetectable. However, at 39°C, there was a significant increase in the expression of pp53, p21/Waf1, and Bax as well as MDM2 (full length 85 kDa and caspase-cleaved 57 kDa species). The expression of pp53 was increased 5.6-fold. Among the p53-dependent proteins, Bax showed the highest level of conditional induction (39-fold) followed by MDM2 (18.6-fold for the 85 kDa species), whereas p21/ Waf1 showed the smallest, although statistically significant induction (3.3-fold). Because the 85 kDa MDM2 protein is f ull length and f unctional (Olson et al., 1993) , subsequent analysis focused on this species.
Regulation of cell density at 39°C
CHB50 cells were cultured for 5 d at 39°C, the nonpermissive temperature for large T antigen expression. E xposure to estradiol-17␤ led to a significant, dose-related increase in the density of surviving cells compared with controls (Fig. 3A) . Similarly, the neurotrophins BDN F, N T-3, and N T-4 also led to a significantly greater density of CHB50 cells as compared with untreated controls (Fig. 3B) . In contrast, the neurotrophin NGF had no effect on cell number (Fig. 3B ) and was therefore eliminated from subsequent experiments. Western immunoblot analysis (Fig. 4) indicated that differentiating CHB50 cells express ER␣ [expected molecular weight (MW) ϳ64 kDa, corresponding to a similar size in uterine tissue (data not shown)], TrkB (expected MW ϳ145 kDa), and TrkC (expected MW ϳ135 kDa). In a second set of experiments, cultures were exposed to 2 nM estradiol-17␤ alone or concurrently with the antagonist 4-hydroxytamoxifen at 1 M (Fig. 5) . Tamoxifen prevented the estrogen-related increase in cell survival and differentiation. Furthermore, CHB50 cells concurrently treated with tamoxifen exhibited extensive cytoplasmic granulation and condensation. Because the effects of BDNF, NT-3, and NT-4 on cell density were similar, subsequent experiments used a cocktail of these neurotrophins to serve as a comparison to estradiol-17␤.
Regulation of apoptosis at 39°C
To determine if changes in cell number were caused by the regulation of apoptosis, CHB50 cells were maintained at 39°C for 48 hr. Apoptotic cells were identified by labeling fragmented nuclear DNA. Analysis of the density of TUNEL-positive nuclei indicated that estradiol-17␤ (at 2 nM), and the neurotrophin cocktail (BDN F, N T-3, and N T-4 at 50 ng /ml each) led to a significant fivefold reduction in the percentage of cells undergoing apoptosis (Fig. 6 A) .
Regulation of necrosis at 39°C
LDH released into culture medium was used as an indicator of cell membrane lysis and hence a marker for necrosis. T wenty four hours after transfer of CHB50 cells to 39°C, the mean levels of released LDH ranged from 445 to 474 fmol for the different treatment conditions (Fig. 6 B) . There was a significant temporal decline in LDH released, so that at the end of 5 d, mean levels ranged from 108 to 144 fmol for the different treatment conditions. However, estradiol-17␤ led to a significant but transient increase in released LDH on the second day at 39°C, although levels returned back to control values subsequently. In contrast, the neurotrophins did not lead to a change in released LDH compared with controls.
Regulation of cell proliferation at 39°C
BrdU incorporation was used as a measure of cell proliferation. CHB50 cells cultured at 39°C were provided a daily dose of BrdU for 5 d. The analysis of BrdU incorporation indicated that estradiol-17␤ led to a significant increase in cell proliferation (Fig.  7) . In contrast, cultures exposed to the neurotrophin cocktail were no different from controls.
Regulation of pp53 and p53-dependent proteins Bax, p21/Waf1, and MDM2 at 39°C
Estrogen led to a significant increase in pp53 expression at 72 hr. This increase was not reversed by concurrent exposure to tamoxifen (Fig. 8) . In contrast, the neurotrophins led to a significant decrease in pp53 expression. The neurotrophins however, did not alter expression of any of the p53-dependent proteins (Fig. 9A-C) . In contrast, estrogen led to a significant decrease in Bax expression (Fig. 9A) while inducing an opposite and significant increase in the expression of p21/Waf1 (Fig. 9B) . Furthermore, estrogen regulated MDM2 (p85) in a biphasic manner (Fig. 9C) . After 24 hr of incubation at 39°C, there was an initial and statistically significant estrogen-induced increase in MDM2 (p85), compared with control cultures. However, at the end of 5 d, MDM2 levels in estrogen-treated cultures were significantly decreased relative to control levels.
Expression of neural phenotypic markers at 39°C and relationship to mitosis and apoptosis
CHB50 cells cultured at 33°C expressed some GFAP and nestin immunoreactivity (Table 1) . At 39°C, control cultures maintained for 5 d in vitro expressed nestin (Fig. 10 A) as well as neurofilament (Fig. 10 D, E) and GFAP (Fig. 11iA,iB) immunoreactivity, but were negative for oligodendrocytic markers (Fig. 11iiA, iiiA) . Estrogen-treated cultures also expressed neuroepithelial (Fig.  10 B) , neuronal (Fig. 10 F, G) , and astroglial (Fig. 11iC,iD) markers as did neurotrophin-treated cultures (Figs. 10C, H, I, 11iE,iF ) . In contrast to the neurotrophin-treated cultures that expressed both oligodendrocytic markers (C N Pase and galactocerebroside; Fig. 11iiC,iiiC) , estrogen-treated cultures only expressed one oligodendrocytic marker (galactocerebroside; Fig. 11, compare iiB,  iiiB) .
In control cultures, apoptotic nuclei (condensed and fragmented nuclei stained by bis-benzamide) were observed in cells immunoreactive for both neurofilament markers (Fig. 10 D) and for GFAP (Fig. 11iA) . However, virtually no apoptotic nuclei colocalized to nestin-immunoreactive cells. In estrogen-treated cultures, mitotic figures were observed in neurofilament (Fig.  10 F, inset) and GFAP-immunoreactive cells (Fig. 11iC, inset) but not in cells immunoreactive for nestin or oligodendrocytic markers. No mitotic figures were observed in control or neurotrophintreated cultures.
GFAP-positive cells in control and estrogen-treated cultures exhibited an epitheliod morphology. In contrast, GFAP-positive cells in neurotrophin-treated cultures expressed both epitheliod and stellate-type morphologies. In control cultures, nonapoptotic neurofilament-positive neurons generally expressed an epitheliod morphology. Both estrogen and neurotrophin treatments led to a modest appearance of dendritic processes. In comparison, to the estrogen and neurotrophin treatments, retinoic acid (1.0 nM for 5 d) led to a dramatic increase in dendritic length (Fig. 12) and promoted the differentiation of pyramidal-type neuronal morphology.
DISCUSSION
Cerebral cortical development requires orderly transitions between neurogenesis and differentiation. Neurogenesis also results in overproduction of neurons that are selectively targeted for apoptosis. In these experiments, we conditionally immortalized (Almazan and McKay, 1992; Yanai and Obinata, 1994; Taher et al., 1995; Eves et al., 1996) neural precursors from embryonic rat cerebral cortex, to contrast estrogen and neurotrophin regulation of p53-dependent cortical differentiation and death.
The large T antigen promotes mammalian cell cycle by inhibiting checkpoint transcription factors like p53 (for review, see Levine, 1997) . Consequently, the Ts/U19 large T antigen mutation permits synchronization of differentiation, by conditionally regulating p53-dependent mechanisms. At the nonpermissive temperature (39°C), large T antigen expression ceases and substantial cell death occurs, that is partly caused by apoptosis. At this temperature, we also observed induction of pp53 and p53-dependent proteins such as the suicide protein Bax, the p53-inhibitor, MDM2, and the cell-cycle arrest protein, P21/Waf1.
In the p53-activated condition, estrogen induced a dose-related increase in cortical cell density, compared to controls. These results were mimicked by BDNF, NT-3, and NT-4, but not NGF, suggesting that NGF is not a major survival factor in early cortical development. CHB50 cells express ER␣ as well as TrkB and TrkC, and estrogen prevention of cell death was attenuated by the antagonist tamoxifen. Furthermore, estrogen as well as a cocktail of BDNF, NT-3, and NT-4 led to a marked reduction in apoptosis as compared with controls, suggesting that treatmentmediated increase in cell number was, in part, caused by cell suicide reduction.
Although estrogen and the neurotrophins effectively prevented apoptosis, these agents did not decrease naturally occurring necrotic cell death, measured by LDH release into culture media. In fact, estrogen specifically promoted a transient increase in LDH release, suggesting that this hormone may promote necrosis in some neural cells. One possible explanation for the transient induction of LDH release is that estrogen stimulated glutaminergic neurotransmission and consequent cytotoxicity. Glutamate- mediated cytotoxicity has been previously reported, after neurotrophin treatment of cultured cortical cells (Koh et al., 1995) . Although estrogen promotes aspects of glutamate neurotransmission (Woolley and McEwen, 1994; Gazzaley et al., 1996; Woolley et al., 1997) and seizure induction (Morrell, 1992) , it prevents glutamate neurotoxicity (Behl et al., 1995; Chan et al., 1996; Singer et al., 1996) . Therefore, the glutamate toxicity hypothesis is unlikely to be correct. The transient induction of necrosis may have resulted from induction of as-yet-unidentified mechanisms. Alternatively estrogen-dependent necrosis may represent an end stage of early and rapid apoptosis. Such necrosis also occurs in vitro, as a late end stage of tumor necrosis factor-␣-induced apoptosis (Leist et al., 1994) . Thus, estrogen may induce one population of cortical cells to undergo apoptosis, while protecting other cohorts. Estrogen has divergent, tissue-specific actions on survival and death in other hormone targets as well. It promotes cell survival in breast epithelium (Kyprianou et al., 1991; Wang and Phang, 1995) , uterine endometrium (Nawaz et al., 1987; Rotello et al., 1989) , and osteocytes (Tomkinson et al., 1997) while inducing apoptosis in osteoclasts (Hughes et al., 1996; Kameda et al., 1997) , erythroid cells (Blobel and Orkin, 1996) , prostate (Landstrom et al., 1996; Robertson et al., 1996) , and testis (Nonclercq et al., 1996) . Similarly, estrogen has divergent survival and death actions in neural tissues. Estrogen metabolites induce apoptosis in neuroblastoma cells (Nakagawa-Yagi et al., 1996) , whereas estrogen promotes survival in hypothalamic cell lines (Rasmussen et al., 1990) . Estrogen also inhibits apoptosis in the sexually dimorphic nucleus of the preoptic area while inducing apoptosis in an adjacent hypothalamic nucleus, the anteroventral periventricular nucleus of the preoptic area (Arai et al., 1996) . These data collectively support the hypothesis that estrogen may induce both survival and cell-death functions in the developing cerebral cortex.
In contrast to the neurotrophins, estrogen promoted cell proliferation, thereby contributing partly to an increase in cell number. At the differentiation temperature, estrogen increased BrdU incorporation, and estrogen-treated cultures exhibited mitotic figures. Furthermore, mitosis was observed in cells that expressed mature neuronal and astroglial but not neuroepitheliod markers, Figure 11 . iA-iF, Expression of the astrocytic marker GFAP (red) and nuclear counterstain (blue-white) in cultures maintained at 39°C for 5 d in the presence of (iA, iB) control medium, (arrows indicate GFAP-positive apoptotic cells. Inset in iA is a high magnification of the nuclear counterstain showing nuclear fragmentation characteristic of apoptosis), (iC, iD) estrogen (arrow and inset show mitotic GFAP-positive cell in early anaphase, asterisk indicates unstained cell), and (iE, F ) neurotrophin cocktail. iiA-iiC, E xpression of oligodendrocytic marker C N Pase was absent in (iiA) control (arrow indicates apoptotic cell) and (iiB) estrogen-treated cultures, but present in (iiC) neurotrophin-treated cultures. iiiA-C, E xpression of the oligodendrocytic marker galactocerebroside was not observed in (iiiA) control cultures, but was present in cultures treated with (iiiB) estrogen and (iiiC) neurotrophins. Scale bar, 70 m.
suggesting that estrogen may promote cell cycle reentry in cells that were committed to neural differentiation. Peripheral nervous system cells continue to proliferate after commitment to specific catecholaminergic differentiation fates, and postcommitment proliferation is required for final phenotypic differentiation (Rothman et al., 1980) . Thus, estrogen stimulation of cell cycle in committed neuronal and astroglial cells may be important for cell fate commitment. Alternatively, estrogen-mediated reduction in apoptosis and enhancement of cell proliferation may be related phenomena. For example, we have recently observed estrogen induction of cell cycle proteins in the presence of death signals (Z. F. Cheema and R. C. Miranda, unpublished observations). Thus, estrogen may prevent cell suicide by permitting cells to reinitiate cell cycle progression.
Estrogen induced pp53 expression that was not attenuated by the antagonist tamoxifen. The differential effect of tamoxifen on cell death and p53 activation is consistent with its role as a context-dependent antagonist (Mathews and Arnold, 1991a,b) , particularly in the case of estrogen receptor activation of nonconsensus transcription elements [e.g., AP-1 (Paech et al., 1997) ]. Estrogen induction of p53 may, therefore, be mediated by mechanisms other than the activation of consensus estrogen response elements, including perhaps, activation of antagonist-insensitive protein phosphorylation mechanisms (Singh et al., 1999) . Estrogen induction of p53 activation was accompanied by a differential regulation of p53-dependent proteins, suggesting that p53 transcriptional activation of Bax, p21/ Waf1, and MDM2 is uncoupled by estrogen. Such uncoupling of p53 mechanisms has also been observed in osteoblasts, after administration of vitamin-D3, an activator of a member of the steroid hormone receptor superfamily (Matsumoto et al., 1998) .
The estrogen-induced decrease in Bax is consistent with an anti-apoptotic role for estrogen in cortical development. However, estrogen induced the cell cycle arrest protein, P21/Waf1, suggesting that estrogen may cause cells to exit cell cycle and differentiate. This result is consistent with our observations that estrogen supports differentiation of neuronal and glial phenotypes, but is not consistent with observations that estrogen additionally induced cell proliferation. However, estrogen also induced a rapid increase in MDM2 expression at 24 hr, compared with controls, providing a mechanism for cell cycle reinitiation. MDM2 is a p53-induced protein that in turn, inhibits p53 function (Lozano and de Oca Luna, 1998) . ␤ FGF, a mitogenic factor, induces MDM2 independently of p53 (Shaulian et al., 1997) , suggesting that estrogen induction of MDM2 may be p53-independent as well. MDM2 in turn subjects p53 and other intrinsic differentiation signals, including the neural cell fate protein numb (Juven-Gershon et al., 1998) , to ubiquitin-mediated degradation (Lozano and de Oca Luna, 1998) , thereby inducing reentry into cell cycle. However, estrogen induced a subsequent decline in MDM2 expression while simultaneously suppressing Bax and inducing p21/Waf1, suggesting that estrogen may lead to a delayed induction of p53-mediated differentiation while suppressing p53-mediated apoptosis. In contrast to estrogen, the neurotrophins decreased p53 activation, consistent with previous reports, that in promyelocytic leukemias, MAP kinase (a downstream element in the neurotrophin signal transduction cascade) activation, targets p53 for ubiquitin-mediated degradation (Song et al., 1999) . However, neurotrophins did not alter expression of the p53-dependent proteins, suggesting that neurotrophin suppression of cell suicide and induction of differentiation in these cerebral cortical cells may occur by p53-independent mechanisms or mechanisms unrelated to the regulation of Bax and p21/Waf1.
Estrogen and the neurotrophins also differentially regulated the expression of neural phenotypes. Control CHB50 cells cultured at 39°C express the astrocytic marker GFAP, as well as nestin [a marker for CNS stem cells (Lendahl et al., 1990) ], but not oligodendrocytic markers. These results are consistent with reports suggesting that neural stem cells retain pluripotency and are able to express multiple phenotypes after immortalization (Eves et al., 1992; Lundberg et al., 1997) . In these control cultures, neuronal markers were found localized to apoptotic cells, implying that differentiation in the absence of appropriate cellular context or appropriate trophic support is associated with cell death induction, perhaps by Bax-dependent mechanisms. Although estrogen and the neurotrophins did support neuronal differentiation, estrogen-treated cells were less mature and quasiepitheliod compared with neurotrophin-treated cells. However, neither of these factors induced dendritic arborization, comparable to that observed with retinoic acid (activator of another member of the steroid hormone receptor family). Thus, a series of trophic signals may be required for complete neuronal differentiation.
Steroid hormone receptor and neurotrophin receptor-mediated differentiation signals may not be completely independent of each other. One possibility is that members of the steroid hormone receptor family may have overlapping differentiative roles in neurotrophin-sensitive targets. This hypothesis is supported by reports indicating that estrogen upregulates trkA (the NGF receptor) in PC12 cells (Sohrabji et al., 1994a) , whereas retinoic acid induces the differentiation of these cells into a cholinergic phenotype (Matsuko et al., 1989) . In general, there are substantial regulatory interactions between estrogen (Miranda and ToranAllerand, 1992; Toran-Allerand et al., 1992a; Miranda et al., 1993 Miranda et al., , 1996 Singh et al., 1994 Singh et al., , 1995 Sohrabji et al., 1994a Sohrabji et al., ,b, 1995 McMillan et al., 1996) , retinoic acid (Schiebe et al., 1992; Kaplan et al., 1993) , and the neurotrophins. Finally, steroid hormones and the neurotrophins regulate similar differentiation-associated proteins such as GAP-43 (Federoff et al., 1988; L ustig et al., 1991; Shughrue and Dorsa, 1994) . These data are collectively consistent with the notion that there are complex, multistep interactions between hormones and growth factors in the regulation of cell fate (for review, see Dickson and Lippman, 1987) , including neurogenesis, survival, and differentiation, within the developing cerebral cortex.
